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Edited by Francesc PosasAbstract To study the Populus response to an osmotic stress,
we have isolated one cDNA encoding a histidine-aspartate kinase
(HK1) and four cDNAs encoding histidine-containing phospho-
transfer proteins (HPts), HPt1–4. The predicted HK1 protein
shares a typical structure with ATHK1 and SLN1 osmosensors.
The 4 HPTs are characterized by the histidine phosphotransfer
domain. We have shown that HK1 is upregulated during an os-
motic stress in hydroponic culture. We have detected an interac-
tion between HK1 and HPt2, using the yeast two-hybrid system.
These results suggest the existence of a multi-step phosphorelay
pathway probably involved in osmotic stress sensing in Populus.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In the present climate change context, adverse eﬀects of
water deﬁcit on plant productivity will become increasingly
important. Plants respond to drought stress by modiﬁcations
in their genome and several of the genes involved in the re-
sponse to water deﬁcit have already been identiﬁed and studied
[1–4]. The perception and transduction of water stress into a
molecular signal via a multi-step phosphorelay are essential
for establishing tolerance [5]. In Arabidopsis thaliana, a hy-
brid-type histidine kinase, ATHK1, involved in osmotic stress
perception has been identiﬁed. In addition, its probable histi-
dine-containing phosphotransfer protein AHP2 has also been
isolated [5,6]. Under osmotic stress, this hybrid-type sensor
perceives the signal, autophosphorylates and transfers the
phosphoryl group to its own response regulator domain. This
phosphoryl group is then transferred to histidine-containing
phosphotransfer proteins (HPts) [7,8]. The receptors and the
HPt proteins have already been identiﬁed for cytokinin trans-
duction pathway [9–11].*Corresponding author.
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doi:10.1016/j.febslet.2005.11.051The aim of this study was to investigate if the mechanisms of
water stress perception and transduction observed in annual
herbaceous plants are also common to woody perennials.
The present work describes the identiﬁcation of one cDNA
encoding a histidine-aspartate kinase (HK1) and four cDNAs
encoding HPt proteins (HPt1 to HPt4) in Populus. Using a
yeast two-hybrid system, we show an interaction between
HK1 and HPt2 and a rapid increase in HK1 transcripts during
osmotic stress in poplar roots.2. Material and methods
Primer sequences and cDNA localisations are presented in Table 1
and in Fig. 1, respectively.
2.1. Plant material, growth conditions and stress treatment
We have chosen the Populus deltoides (Bartr.) Marsh · P. nigra L.
clone Dorskamp for its capacity to tolerate short periods of drought
[12–14]. The osmotic stress was imposed on three-month old hydro-
ponically grown rooted cuttings by supplementing the medium with
polyethylene glycol 6000 at 50 g L1 [15]. Roots were harvested after
0, 5, 10 and 20 min of stress.2.2. RNA extraction
Total RNAs from roots were extracted as described by Chang et al.
[16] and modiﬁed by Claudot et al. [17].2.3. Reverse transcription
Reverse transcription was performed with SuperScript RNase H
Reverse Transcriptase (Life Technologies, Cergy-Pontoise, France)
according to the manufacturers procedure.2.4. 3 0 race-PCR
For HPts, H1 and H2 were designed from a conserved block of
AHP2 and AHP3 amino acid sequences. These primers were used with
a modiﬁed oligodT primer P1 [18]. A PCR1 was performed with
0.5 lM of H1 and 0.2 lM of P1 at 50 C. A PCR2 was performed at
52 C, using an aliquot of the ﬁrst one and the H2 primer. The PCR
products were cloned into the pCR2.1-TOPO vector and sequenced.
For HK, the K1 and K2 primers were designed from a transmitter
and receiver domains alignment of histidine-aspartate kinases, as de-
scribed in [5]. Ampliﬁed cDNA products were processed following
the same procedure as described above. After this ﬁrst step, a speciﬁc
primer, K3, was designed from the sequenced transmitter domain and
used with the P1 primer to obtain the HK cDNA 3 0 end.
2.5. Library construction and 5 0 race-PCR
The Marathon cDNA Ampliﬁcation Kit (Clontech, Palo Alto, CA,
USA) was used to construct the cDNA library.blished by Elsevier B.V. All rights reserved.
Table 1
Primers used
Name Sequence (5 0–3 0)
P1 TTTTTTTTTTTTTTTTVN
H1 GGNTTYYTNGAYGAYCAR
H2 GAYGAYCARTTYACNGARYTN
H3 CTTGAACTTACAACTGTATCTG
H4 GTGTCGAAAGGAGATTACATCAAC
H5 GTGTTGATAGAAGAGTTACATCAAC
H6 CAGCTTTCCTTGCATTGAATTG
H7 CATTGAATTGATAGCCCTAAGAAC
K1 CAYGARTNMMGIACICC
K2 GGCATYTGNMIRTCCAT
K3 CATGAATTACGGACGCC
K4 CATGAGTTACAAGCTATACAAC
K5 GCTCARGTYAAGYTWTCWGARTA
K6 GGATGCGATAAGAACATATTTGC
K7 GAACATATTTGCATCAGAAGGCCC
K8 GCTGCAGTGATTGGGCTGC
A1 CCRATRGTRATIACYTGYCC
A2 CHTATGTWGGNGATGARGC
Y1 GGAATTCATGGATCTTCTTAATCAGTTG
Y2 CGGCCGCTCGAGTTATTGCATCACAGGAATTG
Y3 GGAATTCATGGAGGTTGGCCAGATG
Y4 CGGCCGCTCGAGTTAAGAACTCAATTCTTCC
Y5 GGAATTCAGCCATCTTGATGCAAGG
Y6 CGGCCGCTCGAGTTAGGCTTTTCTTCTGGTG
Y7 GGAATTCTTACGGATTCTGCTTGCG
V = G/A/C, W = A/T, M = A/C, N = A/G/C/T, R = A/G, Y = C/T,
H = A/T/C, I = inosine.
78 F. Chefdor et al. / FEBS Letters 580 (2006) 77–81For the HPts, the H3 primer was designed to perform PCR1 whereas
H4/H5 primers to achieve two independent PCR2 to obtain HPts 1–3–
4. H6 and H7 were used (PCR1 and 2) for HPt2. For all PCRs, the
second primer was the AP1 primer provided with the kit, used at a con-
centration of 0.2 and 0.1 lM for PCR1 and 2, respectively.
2.6. Isolation of the full length HK cDNA
The K4 primer (0.2 lM) was used with the K5 primer (0.5 lM), de-
signed from ATHK1, to achieve a PCR1 at 52 C. The PCR2 was
performed with 0.1 lM K4 at 55 C. To complete the 5 0 end, a PCR1
was performed at 60 C with the AP1 (0.05 lM) and the K6 (0.2 lM)
primers using the cDNA library. The PCR2 was performed at 65 C
with the K7 primer (0.2 lM) and the AP2 primer (0.1 lM) (RACE kit).
2.7. HK1 transcription analysis by RT-PCR
K4 and K8 (0.5 lM) were used for RT-PCR analysis. Degenerate
primers, A1 and A2 (0.1 lM), of the actin gene were used as control.
The PCR was performed with 0.5 ll of cDNAs at 51/54 C (actin/A
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Fig. 1. Location of the primers. The bold lines represent the cDNAs. The ho
the protein N terminal methionine (M). The H boxes represent the conserve
degenerate H1 and H2 primers were designed from the Arabidopsis AHP2 a
primers H3 to H7 and Y1 to Y4 were designed from the HPt cDNA sequenc
protein putative transmembrane regions. The ‘‘H’’ and ‘‘D’’ boxes represenHK1, respectively). The cycle number used for the HK1 or the actin
PCRs was determined in the linear phase of the reaction. For each
sample, the same amount of ampliﬁcation products was analyzed on
1.2% agarose. The HK1 amount was estimated by densitometry.
2.8. Yeast two-hybrid assays
We used the LexA-based version of the yeast two-hybrid system
originally developed by Fields and Song [19]. The plasmids pEG202
(bait carrying plasmid), pJG4-5 (prey carrying plasmid), pGNG1
and the yeast strain (EGY48) were obtained from Mo Bi Tec Gmh
(Go¨ttingen, Germany). pGNG1 is a reporter plasmid, allowing the
production of GFPuv. HPt1 and HPt2 cDNAs were fused in frame
downstream of the LexA activation domain in the pEG202 plasmid.
The cytoplasmic domain (HKcyt) or the receiver domain (HKrd, lo-
cated between His no. 514 and Asp no. 1176 residues) was fused in
frame with the B42 cassette in the pJG4-5 plasmid as follows; cDNAs
were ampliﬁed by PCR using the Y1 and Y2 primers for HPt1, Y3 and
Y4 for HPt2, Y5 and Y6 for HKcyt and Y7 and Y6 for HKrd. After
digestion with EcoRI and XhoI, the ampliﬁed cDNAs were inserted
into the pEG202 or pJG4-5 plasmids. Two other constructs described
in [20] were used as positive controls: pEG202Tfs1 and pJG4-5ira2bf.
The protein expression was checked after yeast transformation by
Western blotting [20].2.9. Protein analysis
Yeast protein extraction and analysis by Western blot were per-
formed as described in [20].3. Results
3.1. Isolation of one cDNA encoding a histidine-aspartate kinase
The HK1 cDNA is 4210 bp long. The corresponding protein
is composed of 1249 amino acids, has a deduced molecular
mass of 140 kDa and a calculated isoelectric point of 7.72. This
protein is characterized by two transmembrane domains fol-
lowed by a transmitter and a receiver domain, which include
a conserved histidine and a conserved aspartate residue,
respectively (Fig. 2). This protein presents 65% identity and
82% similarity with the A. thaliana hybrid-type histidine ki-
nase, ATHK1. Using the BLAST algorithm [21] the compari-
son of the HK1 sequence with the poplar genome database
revealed the presence of a similar sequence located on the
Linkage Group III of Populus trichocarpa. The corresponding
cDNA sequence (3797 bp) presents 95% identity with HK1.3'
3'
M
M
'
'
Y3
Y1
H6
H4
H3H5
*
H7
Y4
*
Y2
H
H HPt1/3/4
HPt2
3'
K4K2 Y6
*D
Y7
rizontal arrows symbolize the primers and the vertical arrows indicate
d histidine. The asterisks symbolize stop codons. (A) HPt primers. The
nd AHP3 protein sequences in a highly conserved region. The speciﬁc
es. (B) HK1 primers. The two black boxes represent the location of the
t the transmitter and the receiver domains of the protein, respectively.
Fig. 2. HK1. Amino acid sequence of the HK1 protein deduced from the cDNA sequence (Accession No. AJ937747). The two putative
transmembrane regions are indicated by boldface underlines and the transmitter (507–748) and receiver (1099–1244) domains by light underlines.
Histidine kinase consensus motifs, H, N, G1, F and G2 are highlighted in grey and the potential phosphorylation sites (his 514 and asp 1176) are in
bold and shown by asterisks.
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Ten lg of total RNA were used to obtain the cDNA for the
time course analysis. Actin was used as a housekeeping gene. A
constitutive expression of HK1 transcripts in roots was ob-
served under control conditions (T0). As early as 5 min after
the beginning of the osmotic stress, HK1 transcripts transiently
increased (about 24% more than control) and then returned to
control levels within 10 min (Fig. 3).
3.3. Isolation of four cDNAs encoding histidine-containing
phosphotransfer proteins
We have isolated four cDNAs encoding histidine-contain-
ing phosphotransfer proteins: HPt1 to HPt4 (AJ841793–
AJ841796). The deduced features of these four proteins were
obtained using the MWCALC program. The HPt2 protein is
composed of 154 amino acids whereas the other 3 of 152 ami-
no acids. HPt1 to HPt4 have a deduced molecular mass of
17.4, 17.7, 17.1 and 17.2 kDa, respectively. Their calculated
isoelectric point is 5.42, 4.98 for HPt1 and HPt2, respectively,Fig. 3. Histidine kinase expression analysis by RT-PCR. Ten lg of
total RNA from poplar roots grown in hydroponic were used to obtain
the cDNAs for the time course analysis. Osmotic stress was applied by
supplementing the medium with polyethylene glycol 6000 (50 g L1).
T0, T5, T10, T20: Osmotic stress duration (0, 5, 10 and 20 min,
respectively). HK1, histidine kinase 1; ACT, actine.and, 5.4 for both HPt3 and HPt4. The comparison with the P.
trichocarpa genome revealed the presence of a sequence similar
to HPt3 and HPt4 localized at the same position on the same
Linkage Group XVI.
3.4. Physical interactions between HK1 and the histidine-
containing phosphotransfer protein HPt2
To identify the HPts which could be involved in the signal
transduction pathway controlled by HK1, we decided to ana-
lyze, the interactions between HK1 and HPts, by yeast two-hy-
brid assays. Among the four HPts isolated in our model, we
tested HPt1 and HPt2 which are either the most and the less
homologous to AHP2, respectively (HPt2 might then consti-
tute a negative control). To this end, the full length open read-
ing frame of HPt1 or HPt2 were expressed as bait proteins
fused to LexA into yeast cells. The receiver domain (HKrd)
or the complete cytoplasmic part of HK1 (HKcyt) were ex-
pressed as prey proteins fused to the B42 cassette in the same
cells. We ﬁrst checked the production of each fusion protein by
SDS–PAGE and Western blot analysis. We then checked the
auxotrophy of the cells for Leu and the expression of theTable 2
Two-hybrid pairings tested for GFP ﬂuorescence and Leu prototrophy
Prey carrying Bait carrying plasmids
plasmids
pEG202HPt1 pEG202HPt2 pEG202Tfs1
pJG4-5 No No No
pJG4-5HKcyt No Yes No
pJG4-5HKrD No Yes No
pJG4-5ira2bf NT NT Yes
Yes, observation of GFP expression; No, no GFP expression; NT, no
tested.t
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tion between the bait and the prey. Diﬀerent combinations and
controls were tested (Table 2). Leu2 and GFP were expressed
only when the bait was HPt2 and the prey was the receiver do-
main or the complete cytoplasmic part of HK1. This suggests
that HK1 did interact with HPt2, but not with HPt1 in this
yeast two-hybrid analysis.4. Discussion
We have identiﬁed one histidine-aspartate kinase (HK1) and
four histidine-containing phosphotransfer proteins, (HPt1–4)
in the P. deltoides (Bartr.) Marsh · P. nigra L. clone. The exis-
tence of a unique location corresponding to theHK1 gene in P.
trichocarpa genome suggests that HK1 is in a single copy as
shown for the ATHK1 Arabidopsis gene [5]. HK1 shares the
same characteristics as those reported for the yeast (SLN1)
and Arabidopsis (ATHK1) osmosensors. In Populus, HK1
could have the same function as Arabidopsis ATHK1 during
osmotic stress. In Arabidopsis, ATHK1 mRNAs are more
abundant in roots and accumulate under hyperosmotic condi-
tions [5]. In a previous study, we showed that PEG 6000
(50 g L1) induced an osmotic stress in poplar cuttings culti-
vated in hydroponic conditions. The stress was characterized
by a 75% decrease of stomatal conductance after 2 h and the
upregulation of a dehydrin gene [15]. Under control condi-
tions, the HK1 mRNAs were constitutively expressed in roots
but also in leaves (data not shown) whereas a 5 min osmotic
stress increased HK1 mRNAs. Under osmotic stress, plants
have to react rapidly and the constitutive expression of HK1
may be crucial for a rapid regulation of stress responsive genes.
Our four HPTs were characterized by the classical histidine
phosphotransfer domain XHQXKGSSXS, with a conserved
histidine and some invariant residues that are involved in
phosphorelays [9]. In Arabidopsis, there is a speciﬁc interaction
between ATHK1 and AHP2. This interaction was shown, by
two-hybrid screening, only when AHP2 was fused to the LexA
protein [6]. According to these results and to identify the HPt
which could interact with HK1, we decided to test our HPts by
the same technique, although, only fused to LexA. Among our
four HPts, HPt1 and HPt2 are evidently the most and the less
homologous to AHP2, respectively. In contrast, HPt3 and
HPt4 are slightly less similar to AHP2 than HPt1. Therefore,
we decided to use only the poplar HPt1 and HPt2 proteins
as baits. We showed that the whole cytoplasmic part of HK1
or its sole receiver domain were able to interact with HPt2.
From these data, we can conclude that HK1 and HPt2 physi-
cally interact in a speciﬁc manner. In Populus, the HPt which
was interacting with HK1 was the less homologous to
AHP2. It was shown, by the same two-hybrid test analysis that
AHP2 could interact with CKI1, a cytokinin receptor [6].
Thus, AHP2 might not be speciﬁc to the osmotic stress signal
transduction pathway. The interaction between HPt2 and
HK1 and, the diﬀerence between HPt2 and AHP2, lead us to
think that this protein (HPt2) might be more speciﬁcally in-
volved in the osmotic stress signal transduction pathway.
The comparison of HPt1–4 with the P. trichocarpa genome,
suggests that HPt3 and 4 could be allelic forms. Their interac-
tion with HK1 should be tested to complete the two-hybrid
test analysis.The identiﬁcation of two protagonists (HK1 and HPt2) of a
phosphorelay system in Populus, and their interaction is the
ﬁrst evidence of osmotic stress perception multi-step phospho-
relay in woody species. The osmosensor function of ATHK1
was demonstrated by its ability to replace SLN1 using func-
tional complementation experiments in the yeast SLN1 mutant
[5]. To verify HK1 osmosensor function we will test this gene
in the yeast SLN1 mutant.
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